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Abstract
Osteoarthritis development after ACL reconstruction (ACLR) is not well understood. Investigators have examined
associations between knee biomechanical alterations and quantitative MRI (qMRI) variables, reflective of
cartilage health, 12–60 months following ACLR; however, none have done so early after surgery. As part of an
exploratory study, 45 individuals (age, 23 ± 7 years) underwent motion analysis during walking and qMRI 3
months after ACLR. For each limb, peak knee adduction moment (pKAM) and peak knee flexion moment (pKFM)
were determined using inverse dynamics and peak medial compartment force was calculated using a
neuromusculoskeletal model. T2 relaxation times in the medial compartment and linear regressions were used
to determine the associations between gait variables and deep and superficial cartilage T2 relaxation times in six
regions. pKAM was positively associated with deep layer T2 relaxation times within the femoral central and
posterior regions when examined in the involved limb and from an interlimb difference perspective (involved
limb – uninvolved limb). After adjusting for age, the association between interlimb difference of pKAM and
interlimb difference of deep layer T2 relaxation times in the tibial central region became significant (p = .043).
Interlimb difference of pKFM was negatively associated with interlimb difference of deep layer T2 relaxation
times within the femoral central and posterior regions. These associations suggest that degenerative pathways
leading to osteoarthritis may be detectable as early as 3 months after reconstruction. Preventative therapeutic
techniques may need to be employed early in the rehabilitation process to prevent cartilage degradation.

1 INTRODUCTION
Anterior cruciate ligament (ACL) tears are one of the most common and devastating knee injuries.1, 2 Common
among young, otherwise healthy, individuals, this injury can result in joint instability and leave other structures
susceptible to further damage.3 While some elect to focus on rehabilitation to regain knee stability without an
ACL, others elect to undergo ACL reconstructive surgery (ACLR).4, 5 Although ACLR restores stability within the
afflicted limb it does little to prevent the development of posttraumatic osteoarthritis (OA).5, 6 Twenty-seven
percent of individuals develop radiographic tibiofemoral OA within 5 years of surgery and upwards of 50%–90%
do so within 10–20 years, primarily within the medial compartment.6-9 Those who develop OA after ACLR

typically do so 15–20 years earlier than those without a history of traumatic knee injury, resulting in a “young
patient with an old knee.”8, 10, 11 Thus, there is a critical need to understand the mechanisms associated with OA
development so that preventative measures can be designed and implemented to delay disease progression.
One mechanism associated with the development of OA after ACLR is altered knee gait mechanics in the early
months after surgery.12, 13 Several reviews and meta-analyses have summarized recent literature in this area of
study.13-15 Altered biomechanical variables typically include peak knee flexion angle, peak knee flexion moment
(pKFM), and peak knee adduction moment (pKAM) in the involved limb (vs. uninvolved limb and healthy
controls); alterations in the uninvolved limb, compared to healthy controls, may also exist.13-15 Previous work has
associated alterations in knee gait mechanics to the development of idiopathic OA. Knee adduction moment,
considered a surrogate measure for medial-lateral tibiofemoral compartment force distribution,16, 17 has been
associated with OA severity, pain, and rate of OA progression.17-21 Knee flexion moment, reflective of agonist
and antagonist muscle forces and thus compartmental load magnitude,22 has been associated with changes in
knee cartilage thickness as well as pain in those with OA.17, 21 Those who develop radiographic OA 5 years after
ACLR demonstrate lower peak medial compartment forces (pMCF) in the early months after surgery (6–12
months) compared to those who do not develop OA.12 Thus, there is great potential to use these variables to
gain insight into OA development after ACLR.
Investigators are increasingly turning to magnetic resonance imaging (MRI) to detect and monitor early signs of
OA. Quantitative MRI (qMRI) is a useful tool to evaluate subtle biochemical changes in knee cartilage that occur
before irreversible morphometric degradation.23, 24 T2 mapping, one qMRI technique, provides insights into the
integrity of the collagen matrix and water content within cartilage.24-26 A prolonged T2 relaxation time is
indicative of collagen matrix degradation and higher water content; biochemical changes seen during the
initiation of OA.25 T2 relaxation times are sensitive to the laminar differences in collagen structure seen within
the deep and superficial layers of cartilage and hence those layers are typically analyzed separately.24
Damage to cartilage sustained at the time of ACL rupture may influence the susceptibility of cartilage to
alterations in knee gait mechanics. The twisting motion at the time of injury2 may induce excessive shearing
forces in the deeper layers of cartilage not designed to handle such loads.27 This may leave the deeper layers of
cartilage structurally compromised and more sensitive to mechanical stimulus compared to the superficial layers
of cartilage.
Individually, gait mechanics and qMRI following ACLR provide insights into mechanisms leading to OA
development. However, OA is a complex, multifactorial disease dependent on the intricate relationships
between biomechanical, biochemical, and structural factors.28, 29 Gaining insight into these relationships may
provide a better understanding of the mechanisms responsible for eventual disease development. Some
investigators have examined associations between these variables; however, most have done so in the later
months after surgery when cartilage alterations may be too advanced for interventions to be effective.3032
Understanding these associations early after surgery may provide insight into OA's pathogenesis and may
reveal mechanical targets to address via interventions early in the recovery process.
The purpose of this study was to examine the relationship between biomechanical variables associated with OA
development and progression (pKAM, pKFM, and pMCF) and T2 relaxation times in both the deep and superficial
layers of knee cartilage 3 months after ACLR. These relationships were investigated in the medial tibiofemoral
compartment from both an involved limb perspective and from an interlimb difference (involved limb value –
uninvolved limb value) perspective. We hypothesized that these key biomechanical variables would be
associated with deep, but not superficial, layer T2 relaxation times, whether looking at the involved limb or
interlimb difference.

2 METHODS
2.1 Participants

Forty-five individuals (Table 1) from an ongoing, cohort study (R01-HD087459) were included in this study.
Participants met the following inclusion criteria: between 16 and 45 years old, unilateral ACLR with no prior ACL
injury/repair and no history of major lower leg injury/surgery, no other concomitant grade III ligament tears, no
repairable meniscus injury, and no contraindications for MRI.
Table 1. Participant demographic characteristics (n = 45)
Variable
Mean ± SD or number (%)
Age
23 ± 7 years
Sex
20 women (44%), 25 men (56%)
Height
1.7 ± 0.1 meters
Weight
78.2 ± 14.7 kilograms
BMI
24.8 ± 3.5 kilograms/meter2
Graft type
8 soft-tissue allograft (18%), 15 hamstring autograft (33%), 22 bone-patellar tendon-bone
autograft (49%)
Meniscal
11 partial lateral meniscectomy (24%), 11 partial medial meniscectomy (24%), 2 partial medial
status
and lateral meniscectomy (5%), 21 no meniscectomy (47%)
Walking
1.6 ± 0.2 m/s
speed
All data collections were performed at one institution after approval from an Institutional Review Board.
Enrollment began in April 2016 and is ongoing. Before participation in the study, all participants gave informed
consent. For individuals under the age of 18, both minor assent and parental consent were obtained before
enrollment.

2.2 Motion analysis

Each participant underwent motion analysis testing during over-ground walking 3 months (3.1 ± 0.5) after ACLR.
During the experiment, participants walked along a 6 m pathway at a self-selected speed that was maintained
throughout (within ±5%). Motion data during walking were recorded using retroreflective markers and an 8camera infrared Vicon setup (Oxford Metrics Limited) at a sampling rate of 120 Hz. Markers were placed
bilaterally on bony landmarks and rigid multi-marker shell groupings were attached to the pelvis, thighs, and
shanks.7 Ground reaction forces during walking were recorded using a single embedded force plate
(600 × 900 mm2, Bertec Corporation) at a sampling rate of 1080 Hz. All kinematic and kinetic variables were
calculated via inverse dynamics in Visual3D (C-Motion, Germantown, MD). Kinematic and kinetic data were low
pass filtered at 6 and 25 Hz, respectively. All moments were normalized to % body weight x height
(%BW*HT).7 pKAM and pKFM were both external moments; a larger positive value represents a larger external
pKAM and pKFM, respectively.
In addition to kinematic and kinetic data, electromyography (EMG) data were collected during each walking trial.
EMG electrodes (MA-300 EMG System, Motion Lab Systems) were placed over seven muscles crossing the knee
joint, after shaving and cleaning the areas over each muscle belly. These seven muscles included both flexors
(semimembranosus, long head of the biceps femoris, medial and lateral gastrocnemii) and extensors (rectus
femoris, medial and lateral vastii).7 After electrode placement, each participant completed maximal volitional
isometric contractions (MVICs) for each muscle group (hamstrings, gastrocnemii, and quadriceps). Respective
highest MVIC values were used to normalize the EMG data obtained during walking.12 EMG data were collected
and sampled at 1080 Hz and were high-pass filtered (2nd order Butterworth filter at 30 Hz), rectified, low-pass

filtered (at 6 Hz) and then normalized, to create linear envelopes.33, 34 These normalized linear envelopes were
then transformed into muscle activations, using processes outlined by Buchanan et al.,33 and used as inputs into
a validated, subject-specific musculoskeletal model, scaled to the anatomical dimensions of each
participant.33, 34 Muscle forces were then determined using a calibration process described previously.33, 34 Using
a combination of muscle forces and frontal plane moment arms (derived from the anatomical scaling of the
model to each participant), a frontal plane moment balance was performed at each time point during the gait
cycle to determine medial compartment load.34, 35 All joint loads were normalized to body weight (BW).
The biomechanical variables of interest in this study included pKAM, pKFM, and pMCF. These were assessed for
the involved limb and also from an interlimb difference perspective (involved limb value – uninvolved limb
value).

2.3 Imaging

Images of the involved and uninvolved limbs were acquired via a supine bilateral knee MRI using a 3 Tesla
magnet (Siemens) and a 15-channel transmit/receive knee coil (Siemens). All participants underwent a sagittal
2-dimensional T2 mapping sequence using one of four parameters (Table 2, adjustments were made to produce
higher quality images for segmentation purposes; dynamic range of echo times were kept similar to minimize
impact on T2 calculations).
Table 2. T2 mapping sequence parameters
Parameter
Participants 1−11
Participants 12 and 14
Field of view 160 mm
140 mm
Slice
2 mm
3 mm
thickness
Repetition
4480 ms
3090 ms
time
Echo times
12.5, 25, 37.5, 50,
13.8, 27.6, 41.4, 55.2,
[TE]
62.5, 75 ms
69.0, 82.8, 96.6 ms

Participant 13
2 mm

Participants 15 and 45
150 mm
3 mm

2590 ms

3090 ms
10, 20, 30, 40, 50, 60,
70 ms

All images were analyzed using the 3D Slicer software (https://www.slicer.org/).36 T2 maps were calculated via a
mono-exponential fit to a two-parameter model with the first echo in each sequence skipped to reduce
stimulated echo artifacts.37 Before slice selection and image segmentation, the involved limb was registered to
the uninvolved limb. For each leg, three slices corresponding to the center of the medial compartment (defined
as the load-bearing region, i.e., where maximal medial compartment force is distributed) were used for analysis.
All segmentations were performed by one author (JRW) on the first echo of the T2 mapping sequence. Each slice
was segmented into six regions of interest (ROI) based around the meniscus (Figure 1). These ROI were then
further subdivided into deep and superficial layers by dividing each ROI in half, with the deep layer being the
layer closer to bone. Care was taken to avoid segmenting the tidemark. The T2 relaxation time in that ROI was
then averaged across all three slices to provide an average T2 relaxation time for that ROI within the medial
compartment. During segmentation, voxels with a T2 relaxation time greater than 100 ms were excluded to
reduce potential artifacts associated with synovial fluid.38
https://onlinelibrary.wiley.com/cms/asset/0be090d7-b9f3-4bf1-8592-5248769d304c/jor25043-fig-0001-m.jpg

Figure 1 Sagittal knee scan depicting regions of interest, based on the meniscus boundaries. There were three on
the femoral side: femoral anterior, femoral central, and femoral posterior and three on the tibial side: tibial
anterior, tibial central, and tibial posterior. Each region of interest was further subdivided into deep (dashed
lines) and superficial regions

2.4 Statistical analysis
Statistical analyses were performed using JMP (SAS). For all analyses, α was set to .05. As this was an exploratory
study, statistical adjustments to account for multiple comparisons were not made. Univariate linear regressions
were used to assess the association between each biomechanical variable of interest (pKAM, pKFM, and pMCF)
and the deep and superficial layer T2 relaxation time of each ROI in the medial tibiofemoral compartment. This
was done for the involved limb (e.g., pKAM vs. deep layer femoral central T2 relaxation time for the involved
limb) and for the interlimb difference (e.g., interlimb difference in pKAM vs. interlimb difference in deep layer
femoral central T2 relaxation time). Multivariate regressions were used to examine the effects of age, body mass
index (BMI), and meniscal status on these associations. Similar to Titchenal et al.,30 each potential confounder
was examined in the model by itself, rather than all at once, to avoid overfitting the model.

3 RESULTS
3.1 Knee adduction moment—involved limb

pKAM in the involved limb had a moderate, positive association with deep layer T2 relaxation times in the
femoral central (Figure 2) and femoral posterior regions (Table 3). No statistically significant associations were
seen in any other region, nor in the superficial layer. The association between pKAM and deep layer
T2 relaxation times remained statistically significant after adjusting for age, BMI, and meniscal status. After
adjusting for meniscal status, the association between pKAM and deep layer T2 relaxation times in the tibial
posterior region became statistically significant (p = .036).

Figure 2 Association between pKAM and the deep layer T2 relaxation time within the femoral central (FC) region
of the involved limb
Table 3. Deep layer T2 relaxation times versus gait biomechanical variables—involved limb
Region of interest Gait variable r
p value
Femoral anterior
pKAM
.152 .320
pKFM
−.040 .796
pMCF
.141 .356
Femoral central
pKAM
.384 .009
pKFM
−.245 .105
pMCF
.174 .254
Femoral posterior pKAM
.419 .004
pKFM
−.200 .188
pMCF
.108 .478
Tibial anterior
pKAM
.053 .726
pKFM
−.122 .426
pMCF
.024 .875
Tibial central
pKAM
.163 .285
pKFM
−.282 .061
pMCF
.192 .207
Tibial posterior
pKAM
.258 .087
pKFM
−.226 .136
pMCF
.262 .082
Note: A positive association between pKAM and T2 relaxation times indicates that a larger external pKAM is
associated with prolonged T2 relaxation times. A negative association between pKFM and T2 relaxation times
indicates that a smaller external pKFM is associated with prolonged T2 relaxation times. A positive association
between pMCF and T2 relaxation times indicates that a larger pMCF is associated with prolonged T2 relaxation
times.

3.2 Knee adduction moment—interlimb difference

Interlimb difference of pKAM had a moderate, positive association with the interlimb difference of deep layer
T2 relaxation times in the femoral central and femoral posterior regions (Table 4). No statistically significant
associations were seen in any other region, nor in the superficial layer. pKAM remained a significant predictor
after adjusting for age, BMI, and meniscal status. After adjusting for age, the association between the interlimb
difference of pKAM and the interlimb difference of deep layer T2 relaxation times in the tibial central region
became statistically significant (p = .043).
Table 4. Deep layer T2 relaxation times versus gait biomechanical variables—interlimb difference
Region of interest Gait variable r
p value
Femoral anterior
pKAM
.046 .763

Femoral central
Femoral posterior
Tibial anterior
Tibial central
Tibial posterior

pKFM
pMCF
pKAM
pKFM
pMCF
pKAM
pKFM
pMCF
pKAM
pKFM
pMCF
pKAM
pKFM
pMCF
pKAM
pKFM
pMCF

−.122
−.100
.430
−.363
.075
.501
−.308
.075
.217
−.272
−.126
.275
−.062
.241
.205
−.098
.065

.426
.513
.003
.014
.626
.001
.040
.626
.152
.071
.409
.067
.684
.110
.177
.522
.670

3.3 Knee flexion moment—involved limb
There were no statistically significant associations between the involved limb's pKFM and T2 relaxation times
regardless of ROI or layer of cartilage (Table 3), even after adjusting for age, BMI, and meniscal status.

3.4 Knee flexion moment—interlimb difference

Interlimb difference of pKFM had a moderate, negative association with the interlimb difference of deep layer
T2 relaxation times in the femoral central and femoral posterior regions (Table 4). These associations remained
statistically significant after adjusting for age and BMI. The association in the femoral posterior region lost
statistical significance after adjusting for meniscal status (p = .071). No statistically significant associations were
seen in any other region nor in the superficial layer.

3.5 Medial compartment force—involved limb
There were no statistically significant associations between the involved limb's peak medial compartment force
and T2 relaxation times regardless of ROI or layer of cartilage (Table 3). However, after adjusting for meniscal
status, the association between pMCF and the deep layer T2 relaxation time in the tibial posterior region became
statistically significant (p = .020).

3.6 Medial compartment force—interlimb difference
There were no statistically significant associations between the interlimb difference of pMCF and the interlimb
difference of T2 relaxation times regardless of ROI or layer of cartilage (Table 4), even after adjusting for age,
BMI, and meniscal status.

4 DISCUSSION
The purpose of this study was to examine the relationships between known biomechanical risk factors for knee
OA (pKAM, pKFM, and pMCF) and biochemical markers reflective of cartilage health 3 months after ACLR. Our
hypothesis that these biomechanical gait variables would be associated with deep, but not superficial, layer
T2 relaxation times was partially supported. Associations between deep layer T2 relaxation times and some gait
variables of interest (pKAM, pKFM) were found within select ROI 3 months after ACLR. These associations

existed when assessed from both an involved limb perspective and from an interlimb difference perspective.
There were no associations between the gait variables of interest and superficial layer T2 relaxation times.
To the best of our knowledge, this is the first study to examine associations between gait mechanics and
biochemical signs of knee cartilage degradation this early after ACLR. Additionally, it is one of the first to
examine these relationships from an interlimb difference perspective. Our finding that T2 relaxation times were
associated with biomechanical gait variables linked to OA development and progression align well with what has
been reported at later time points after surgery.30, 32 In particular, the associations between the involved limb's
pKAM and T2 relaxation times seen here closely mirror the findings Titchenal et al.30 reported 2 years after
reconstruction. In that study, the first peak of KAM (along with the second peak of KAM and mechanical
alignment) was positively associated with deep layer UTE-T2* relaxation times (capable of assessing collagen
matrix degradation within the deepest layers of cartilage39) in the weight-bearing regions of cartilage (femoral
central, femoral posterior, and tibial central ROIs). While the purpose of that study was primarily to verify the
viability of UTE-T2* as a method to detecting pre-morphological cartilage alterations, it is interesting that similar
associations were seen in the same regions as those seen here. This suggests that these regions may be
particularly susceptible to changes in gait mechanics and at high risk of cartilage alterations. As these were both
cross-sectional studies with different samples, no conclusions can be drawn about how the association between
pKAM and knee cartilage biochemistry evolves over time. Nonetheless, the results seen here, that higher pKAM
is associated with cartilage matrix degradation, align well with reports that elevated pKAM is linked with
idiopathic OA severity, pain, and rate of progression and further supports theories regarding the interactions
between the mechanical and biochemical systems of the knee.17-21, 28, 29 The fact that this association is seen as
early as 3 months after reconstruction may imply that interventions need to occur early after surgery to prevent
initial cartilage deterioration. Additionally, the consistency of this association across multiple studies may
suggest pKAM is a viable target to begin with when exploring interventions to prevent cartilage degradation.
Future work should examine how pKAM early after surgery is associated with T2 relaxation times at later
timepoints.
Interestingly, pKFM and pMCF were not associated with T2 relaxation times in the involved limb. Wellsandt
et al.12 found that those who develop OA five years after ACLR had lower pMCF 6 months after reconstruction
compared to those who did not develop OA. Previous work has shown that pMCF is a function of both pKAM
and pKFM40; thus, the pKFMs seen here may explain the lack of association between pMCF and T2 relaxation
times despite the existence of associations between pKAM and T2 relaxation times. As both pKFM and pMCF are
reflective of load magnitude, it may be that loading at the early time point examined here is not variable enough
on a subject-to-subject basis to establish an association with cartilage biochemical health.17, 40, 41 Future work
should examine how pKFM and pMCF early after surgery are related to long-term cartilage health and examine
associations at later time points when loading may be more variable on a subject-to-subject basis.
While magnitude of biomechanical and biochemical variables within the same limb can provide useful
information about the mechanisms leading to disease development, they do not provide a concrete patientspecific target to address during therapeutic interventions. It is well established that OA rates within the
involved limb after ACLR are much higher than those within the uninvolved limb.9 Thus, while some have
demonstrated differences in gait mechanics and qMRI variables between the uninvolved limb and healthy
controls,13 the uninvolved limb may be a viable subject-specific control for the involved limb. In this study, we
examined the associations between interlimb difference of knee gait biomechanical variables and interlimb
difference of T2 relaxation times to gain insight into these associations, after adjusting for a relative control.
As hypothesized, associations between the interlimb difference in gait mechanics and T2 relaxation times were
found only in the deep layers of cartilage. Interlimb difference of pKAM had a significant positive association
with the interlimb difference of T2 relaxation times within the femoral central and femoral posterior regions.

Thus, a relatively higher involved limb pKAM (vs. uninvolved) was associated with prolonged T2 relaxation times
within the involved limb compared to the uninvolved limb. The opposite association was found when examining
pKFM; interlimb difference of pKFM had a significant negative association with the interlimb difference of
T2 relaxation times in the deep layer of the femoral central and femoral posterior regions. That is, a relatively
lower pKFM in the involved limb (vs. uninvolved) was associated with prolonged T2 relaxation times in the
involved limb when compared to the uninvolved limb. As extensor weakness is prevalent after ACLR, it is not
surprising to see associations between pKFM and T2 relaxation times when accounting for the uninvolved limb as
opposed to examining the involved limb only. There was no association between the interlimb difference of
pMCF and interlimb difference of T2 relaxation times. It remains to be seen if/how asymmetries in T2 relaxation
times resolve with time and whether or not they resolve differently based on the type of asymmetry seen in gait
mechanics. Overall, these data suggest that relative symmetry between limbs may be a good subject-specific
target when attempting to design interventions aimed at delaying or preventing the development of
posttraumatic OA.
Several limitations should be considered when interpreting the results of this study. Differing scan parameters
were used among the first 14 individuals of this study compared to the remaining 31 (adjustments were made to
produce higher quality images for segmentation purposes). Using differing parameters between sequences may
influence the calculation of T2 maps.42 However, adjustments were made with this in consideration; the dynamic
range of the echos were kept similar, only minor changes were made to the in-plane and through-plane
resolution, and the MRI unit, knee coil, and post-processing algorithms were all kept the same across subjects.
Thus, the overall impact of the differing scan parameters on T2 relaxation time calculations were minimal.
Another limitation of this study was that it was not able to explain why only the deep layer of cartilage
experienced associations with gait biomechanical variables linked to OA. One possible explanation is that the
initial injury mechanism (aka the ACL tear) may have damaged the deep and superficial layers of cartilage
differently and thus may have left one layer more susceptible to alterations in load experienced after ACLR.
Another possible explanation is that the manner in which loads are distributed through cartilage differs based
on the layer of cartilage. That is, the deep region could be experiencing higher shear forces (as is typically seen
near the bone-cartilage interface) compared to more compressive forces in the superficial layers of
cartilage.43 Shearing forces have previously been linked to accelerated cartilage degradation.27 Future work using
more sophisticated modeling techniques, such as the finite element method, should examine the relationship
between complex loading patterns and how they influence differing layers of cartilage after ACLR.
This study did not include individuals who required meniscal repairs as individuals undergoing this procedure
typically have an extended period of non-weight bearing which would substantially influence both mechanics
and T2 relaxation times early after surgery. Those with meniscectomies were included in this study (as this is a
commonly performed procedure in conjunction with ACLR and there are no weight bearing precautions);
multiple regression revealed there was little effect of meniscectomies on the associations observed. Participants
were recruited from multiple clinics from the surrounding area. Controlling for post-op rehabilitation, while
ideal, is not feasible across the entire ACLR population and thus not translatable to the average person
recovering from this procedure. Future work should examine the effect of differing rehabilitation approaches on
the associations between gait mechanics and T2 relaxation times. There was no correlation between pKAM and
pMCF with graft type. There was a significant correlation between pKFM and graft type (r = .439, p = .011) with
the BPTB grafts having lower pKFMs compared to the hamstring grafts. This is not surprising as extensor
weakness is prevalent early after ACLR in those with BPTB grafts, which will affect KFM. Graft type is not a factor
associated with the development of osteoarthritis and hence was not included as a potential confounding
variable.9, 44, 45 Future work should examine the influence of graft type on these associations. T2 mapping is a
commonly used qMRI method; however, a dual approach of T2 and UTE-T2* (which can better image the deepest
layers of cartilage) may be more suitable to adequately determine relaxation times in both the superficial and

deep layers. Longitudinal follow-up and examining multiple peaks of gait variables (e.g., first and second peaks
of KAM) would enhance future studies and help gain further insight into the mechanisms related to eventual
disease development. As this was an exploratory study, recommendations to specific changes in clinical
treatment cannot be made. Further studies are needed to explore the relationship between mechanics and knee
cartilage health this early after ACLR and to explore potential modifications to these variables and their
effectiveness at preserving cartilage health. Finally, it is impossible to establish cause and effect with these
associations; it may be that alterations in knee cartilage biochemistry are leading to changes in mechanics rather
than the often-hypothesized change in mechanics leading to cartilage damage. Future work is needed to assess
this question.
In conclusion, our findings suggest that pKAM and pKFM are associated with deep layer T2 relaxation times 3
months after ACLR within weight-bearing regions of medial tibiofemoral cartilage. Associations between these
biomechanical variables and biochemical indicators were present when assessed from an involved limb
perspective (pKAM only) and from an interlimb difference perspective. Overall, these results imply that
degenerative pathways leading to early OA may begin as early as 3 months after reconstruction. The design and
implementation of preventative therapeutic techniques thus may need to be employed early in the
rehabilitation process to prevent initial cartilage degradation.
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